An enzymatic reaction rate of glucose oxidase (GOD) using ferricyanide ion ([Fe(CN)6] 3-) as an oxidant significantly increased by the addition of ε-poly-L-lysine (ε-PL). The bimolecular rate constant between GOD and [Fe(CN)6] 3-in the presence of ε-PL reached about 10000-fold relative to what it was measured without the ε-PL, and the Michaelis constant decreased. The reaction rate reached a maximum at around pH 6, where ε-PL and GOD possess highly positive and negative charges, respectively. The increment of the reaction rate by ε-PL can be attributed to the electrostatic association of the polycationic ε-PL with the negatively charged GOD to form a polyion complex soluble in the aqueous medium. The adduction of the cationic polymer may relieve the electrostatic repulsion between GOD and [Fe(CN)6] 3-, so that the electron transfer effectively occurs between them.
Introduction
Electrostatic forces have been implicated in molecular interactions in substrate binding and catalysis by enzymes. The enzymatic reaction rate was frequently described to be affected by electrostatic interactions between the charged substrates and the molecular surface of enzymes. For instance, the charges of different oxidants, as well as their redox potentials, significantly varied the oxidation rates of glucose by glucose oxidase (GOD). [1] [2] [3] [4] [5] [6] For the oxidation reaction of glucose by GOD using ferrocene derivatives 2, 3 and a series of the group VIII metal complexes 4 as oxidants, the reactions with more positively or less negatively charged oxidants tended to exhibit a faster reaction rate. In particular, ferricyanide ion [Fe(CN)6] 3-, which had been applied as a mediator for the glucose biosensor based on GOD, 7 was associated with a lower reaction rate than the other oxidants in a pH region of moderate acidic to neutral, because of its multiple negative charges. 1, 5, 6 In the use of such an electrostatically unfavorable oxidant, a positively charged binder may neutralize the electrostatic repulsion between the enzyme and the oxidant, and provide some assistance in the acceleration of the enzyme reaction. The following is an example that demonstrates the cationic polymer's promotion of an enzyme reaction through the electrostatic interaction. Teramoto et al. have reported 8, 9 that polyethyleneimine, etc. promote an oxidation reaction of glucose by glucose dehydrogenase with anionic solutes of NAD + and NADP + , considered that the promotion effect can be attributed to an increment of NAD + or NADP + in the vicinity of the enzyme. Other causes for the promotion effect by cationic polymers have also been presented, such as a pH shift around the enzyme 8, 9 and enzyme structural changes. 10 ε-Poly-L-lysine (ε-PL) has an apparent pKa of 7.6, 11 and the pI of GOD is reported to be around 4.2, 1 so that, in a neutral or acidic solution, ε-PL exists as a cationic polymer and GOD as an anionic colloid. Under these condition, ε-PL can assist the interaction between GOD and [Fe(CN)6] 3-. Indeed, we have recently reported that ε-PL acts an effective stabilizer for GOD by the formation of a polyion complex, GOD with ε-PL. 12 Furthermore, we have also shown that cationic polymers containing quaternary ammonium and amine as a base structure, interact with [Fe(CN)6] 4-/3-. 13, 14 In this paper, we show a remarkable promotion effect by ε-PL upon the GOD enzymatic reaction with [Fe(CN)6] 3-through electrochemical and spectrophotometrical measurements. The cause of the promotion effect by ε-PL is briefly discussed from a point of view based on the electrostatic interaction of ε-PL with GOD and [Fe(CN)6] 3-, in comparison with that of monomer L-lysine, α-PL and other cationic polymers.
Experimental

Chemicals
Glucose oxidase from Aspergillus niger was purchased from Toyobo.
The concentration of GOD was determined spectrophotometrically using an absorption coefficient of 18240 M -1 cm -1 at 460 nm. 15 ε-Poly-L-lysine (n = 25 -35) was obtained from JNC Corp.
α-Poly-L-lysine hydrochloride (average molecular weight, MW >30000), poly(allylamine hydrochloride) (MW = 15000), hexadimethrine bromide, polyethylenimine 80% ethoxylated (MW = 70000), and poly[bis(2-chloroethyl)ether-alt-1,3-bis[3-(dimethylamino)-propyl]urea] quaternized were purchased from Aldrich. Poly[oxyethylene(dimethylimino)propyl(dimethylimino)ethyl dichloride] (MW = 63000) was obtained as a 15 wt% solution from Nicca Chemical. α-Poly-L-lysine hydrobromide (MW = 1500 -8000 and 15000 -30000) was purchased from Wako. These were used as received. Other chemicals were of reagent grade, and were used as received.
Electrochemical measurements
The enzymatic reaction was observed as the [Fe(CN)6] 4-/3--mediated catalytic current for the oxidation of glucose by GOD. The electrochemical measurements were performed using a three-electrode system. A glassy carbon (GC) electrode (BAS 002012), a platinum coil and an Ag|AgCl (0.1 mol/L KCl) electrode were used as the working electrode, the counter electrode, and the reference electrode, respectively. The current vs. applied potential, I-E, curves were recorded with a laboratory-made electrochemical analyzer. An electrolysis cell with a water jacket was used to keep its temperature at 25 C.
Spectrophotometric assay
The enzymatic reaction was followed by a time-dependent decrease of the absorbance at 420 nm (A420), which corresponds to the absorption maxima of [Fe(CN)6] 3-ion. The A420 vs. time, A420-t, curves were recorded at 30 C using a UV-visible spectrophotometer (JASCO V-630) equipped with a peltier thermostat. The enzymatic reaction rate, νE, was determined from the initial slope of the A420-t curve.
In the above measurements, the concentration of glucose, Cglucose, for the test solution was 200 mM, which is much higher than the value of the Michaelis constant, Kglucose, for the enzymatic GOD reaction. 16 Thus, the rate of the enzymatic reaction is independent of Cglucose. The solution pH was adjusted from 3.5 to 5.8 and from 5.8 to 8.0 using 50 mM acetate and a phosphate buffer solution, respectively. All experiments were carried out in a deaerated solution by Ar gas.
Results and Discussion
Increment of the [Fe(CN)6] 4-/3--mediated catalytic current of GOD by ε-PL
Curve A in Fig. 1 shows a cyclic voltammogram (CV) of the test solution containing 5.1 μM GOD, 100 μM K3[Fe(CN)6], 200 mM glucose, and 50 mM phosphate buffer (pH 6.0) at GC electrode. Although the test solution contained the enzyme and substrates, the CV was identical with that obtained without GOD (dashed line in Fig. 1 ), that is, the CV of a simple charge transfer of [Fe(CN)6] 4-/3-, indicating that the enzymatic reaction is not so fast at the concentration condition. When 10 mg/L ε-PL was added to the solution, the CV was changed to an S-shaped I-E curve with a well-defined limiting current, as shown by curve B. This suggests that the enzymatic reaction was effectively promoted by ε-PL to give the well-developed [Fe(CN)6] 4-/3--mediated catalytic current for the oxidation of glucose by GOD. The limiting currents increased with the concentration of ε-PL up to 20 mg/L, as shown by curve C in Fig. 1 . However, further additions of ε-PL decreased the current (data not shown), suggesting that an appropriate stoichiometric ratio of ε-PL to GOD is required for the promotion effect.
The apparent pKa′ of ε-PL has been reported to be 7.6, 11 so that ε-PL can be considered to exist as a polycationic species in the test solution (pH 6.0). On the other hand, the net charge of GOD is negative. Although it has been known that cationic polymers often form sediments with negatively charged substances, 17,18 neither precipitate nor colloidal particles was observed upon adding ε-PL to the test solution. The polycationic ε-PL may associate with negative charged GOD to form a polyion complex, which is stable in water. No significant change in the I-E curve of the test solution was observed upon the addition of 20 mg/L monomeric lysine (data not shown), suggesting again that the enzymatic reaction rate was promoted by the formation of the polyion complex of GOD with the polycationic ε-PL.
In a previous paper, 13, 14 3-polyion complex species may be so fast that the decrease in the cathodic peak current can be explained by a decrease in the average diffusion coefficient of [Fe (CN) 3-in the polyion complex species. However, when CPL = 20 mg/L (curve B), at which the promotion effect was observed remarkably, the decrease in the anodic peak current and the positive shift of the midpoint potential did not appear significantly. At the solution condition, 
Increment of GOD reaction rate in solution by ε-PL
Curve A in Fig. 3 shows the A420-t curve recorded after the addition of 68 nM GOD to a solution containing 1 mM Fig. 4 . In this case, νE almost linearly increased with CFe(CN)6 in the range tested. On the other hand, in the presence of ε-PL, the hyperbolic dependence of νE on the CFe(CN)6 was observed, as shown by plot B in Fig. 4 .
The catalytic mechanism of GOD enzymatic reaction is known to be of the ping-pong type. [19] [20] [21] When the glucose concentration is much higher than its Michaelis constant, the rate of GOD reaction, νE, can be given as
Fe(CN)6
Fe(CN)6 , which is about 10000-times larger than that in the absence of ε-PL. If the promotion effect by ε-PL is attributed to the electrostatic interaction acting among ε-PL, GOD and [Fe(CN)6] 3-, the effect should be influenced by the ionic atmosphere and the pH of the test solution. Figure 5 shows plots of relative reaction rate in the presence of ε-PL against the concentrations of the electrolyte, potassium nitrate (filled circle) and potassium sulfate (filled triangle).
The νE-value decreased with increasing the concentration of the electrolytes. Particularly, νE in the potassium sulfate steeply decreased. The decrease in νE with the concentration of the electrolytes was also confirmed by a decrease of the catalytic current. Fig. 6 show the νE vs. pH plots assayed in the absence of ε-PL in acetate and phosphate buffer, respectively.
In the range of pH tested, a significant activity was observed only at pH <4.5. Since the net charge of GOD becomes positive, GOD may associate electrostatically with [Fe(CN)6] 3-, and electron transfer between them occurs effectively. The filled triangle and square in the figure show the νE vs. pH plots in the presence of 20 mg/L ε-PL. At pH < 4.5, the νE-value was in agreement with that in the absence of ε-PL, reflecting that polycationic ε-PL does not associate with positively charged GOD. With increasing pH from 4.5 to 6.0, the νE-value increased monotonously, and became much higher than that in the absence of ε-PL. Since pI < pH < pKa′, the polyion complex of ε-PL with GOD is formed preferentially at around pH 6.0. With increasing pH from 6.0, the νE-value decreased monotonously. This can be attributed to a decrease of the charge number of ε-PL in addition to a decrease of the GOD activity itself. At pH >8.0, the polyion complex may not be formed any longer. Thus, it has been confirmed that the promotion effect is due to the electrostatic interaction among ε-PL, GOD and [Fe(CN)6] 3-.
Other polyamine and polyammonium salts Instead of ε-PL, 20 mg/L cationic polymers, such as α-PL (MW = 1500 -8000, 15000 -30000, > 30000), poly(allylamine hydrochloride) (MW = 15000), hexadimethrine bromide, 80% etoxylated polyethylenimine (MW = 70000), quaternized poly[bis (2- 
and poly[oxyethylene(dimethylimino)propyl (dimethylimino)ethyl hydrogensulfate] (MW = 63000), have been added to the enzymatic reaction media. Except for the α-PL's of relative lower molecular weight (MW = 1500 -8000 and 15000 -30000), these cationic polymers formed sediments with the [Fe(CN)6] 3-ion. At present, the aspects concerned with the formation of water-soluble polyion complexes of cationic polymers with negatively charged substances are not clear. By the addition of 20 mg/L α-PL of MW = 1500 -8000 and 15000 -30000, neither a precipitate nor colloidal particles was observed in the enzymatic reaction medium. In this case, the promotion of νE, was also observed. However, the increment of νE was about one fourth of that obtained by ε-PL.
The above results clearly show the promotion effect by ε-PL on the GOD-catalyzed oxidation of glucose by the [Fe(CN)6] 3-ion. This effect can be considered to result from the formation of a water-soluble polyion complex of polycationic ε-PL with negatively charged GOD. By the adduction of ε-PL, an electrostatic repulsion between GOD and [Fe(CN)6] 4-is reduced, so that the electron transfer occurs effectively between them. Although the mechanism seems to be simple, other cationic polymers tested did not promote the GOD reaction effectively. Now the study is being extended to other cationic polymers as well as other enzymatic reaction systems. Also, a structural study on the polyion complex species should be needed to discuss a strategy to design highly active enzyme systems.
